The terrestrial Quaternary stratigraphic record of British Columbia is largely a product of brief depositional events separated by long periods of nondeposition and erosion. Thick, stratified Quaternary sediments are present mainly in valleys and coastal lowlands and accumulated during periods of growth and decay of the Cordilleran Ice Sheet. At glacial maxima, till was deposited over large areas of low and moderate relief. However, at the same time, much of the landscape was eroded by glaciers.
Introduction
events and from climatic, land-use, and other environmental . . . the history of any one part of the earth, like the life of a changes; it also may occur when geomorphic thresholds intrinsoldier, consists of long periods of boredom and short periods sic to a particular drainage basin or geomorphic Process are of terror.
exceeded.
- Ager (1973, p. 100)
The concepts of incompleteness of the stratigraphic record Earth scientists have long recognized that the stratigraphic record is incomplete, recording a relatively small part of the actual passage of time. Ager (1973) , for example, in a thoughtful treatise on stratigraphy, argued that stratigraphic sequences comprise more "gaps" than "record" and attributed this to both nondeposition and erosion. This concept seems reasonable when one considers the complexity of external factors, such as climate and tectonism, that to a large extent determine the course of landscape evolution. In addition, various changes within geomorphic systems (i.e., basin morphology and sediment loads) may trigger widespread erosion if thresholds are exceeded (Schumm 1973 (Schumm , 1975 .
Stratigraphic records, in addition to being incomplete, are products of spasmodic sedimentation (Gage 1970; Ager 1973) . Periods of slow sedimentation or nondeposition commonly are separated by brief periods of rapid sedimentation during which the bulk of a stratigraphic unit accumulates. Rapid sedimentation may result from short-lived exceptional or catastrophic 'This paper was presented at the "W. H. Mathews Symposium: A celebration," held at the University of British Columbia, Vancouver, on October 10, 1984.
Printed in Canada / Imprimt au Canada and spasmodic sedimentation apply to the entire rock column, but perhaps they are best exemplified by terrestrial sedimentary deposits of the Quaternary Period. In this paper, I examine the terrestrial Quatemaly stratigraphic record of British Columbia in the context of these concepts. I attempt to demonstrate that most Quatemaly stratigraphic units in the province are products of ephemeral events separated by much longer periods of nondeposition or erosion. Sedimentation and erosion also are discussed in a spatial framework because geologically significant sedimentation (i.e., that which produces deposits capable of being preserved in the stratigraphic record) has been restricted to particular parts of the British Columbia landmass.
Methodological limitations
Before proceeding, it is necessaly to mention some limitations in the use of stratigraphic sequences in reconstructing past geomorphic systems. The stratigraphic record generally is difficult to interpret in terms of short-term events and geomorphic controls (Johnson 1982) . Most stratigraphic units represent an integrated response of geomorphic systems to a variety of interdependent factors; the contribution of each of these Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. factors to the genesis of a unit may be difficult or impossible to assess from a study of sediments alone. In this context, stratigraphic studies appear to be inferior to contemporary process studies of geomorphic systems. On the other hand, Quaternary stratigraphic records do provide information on sedimentation over intermediate and long time scales (10'-lo6 years) that obviously cannot be met by short-term process studies. Church (1980) concluded that contemporary records in most instances provide a misleading impression of the long-term variability of processes, especially where thresholds are important, and consequently may not be very useful in explaining landscape evolution.
Another limitation relates to the previously discussed concept of episodic and spasmodic sedimentation. Because most units are isolated "snapshots" in the long panorama of geologic time, they provide an incomplete picture of past geomorphic systems and the total spectrum of changes that these systems have undergone. The problem is aggravated by the fact that many terrestrial sedimentary environments are poorly represented in Quaternary stratigraphic sequences.
The Quaternary Period in British Columbia
In British Columbia, as in most other parts of Canada, the Quaternary Period has been dominated by the repeated growth and decay of continental ice sheets. Isotopic and magnetic studies of deep-sea sediments have shown that there have been eight major climatic cycles in the last 800 ka, each about 100 ka in duration and each marked by sharp fluctuations in climate on shorter time scales; these cycles were preceded back to before the beginning of the Pleistocene by similar cycles of lesser magnitude but greater frequency (Shackleton and Opdyke 1973, 1976) . Many or most of these climatic cycles were accompanied by widespread glaciation in British Columbia and by related isostatic crustal adjustments and sea-level change (Fulton 1971 ; Clague 1981 Clague , 1983 ; Clague et al. 1982 ).
The Quaternary in British Columbia was also a time of intense tectonic activity related to plate interactions in the North Pacific Ocean (Riddihough and Hyndman 1976; Riddihough 1977) . Tectonism has played an important role in shaping the British Columbia landscape: it has affected Quaternary sedimentation and erosion through uplift, subsidence, faulting, earthquake-induced mass movements, and other phenomena (Ryder 1981~) .
Although glaciation and tectonism have contributed greatly to the present landscape of British Columbia, physiography itself has influenced landscape evolution through its effects on sedimentation and erosion. For example, erosion in British Columbia during Quaternary glaciations has been significant in some physiographic settings, but negligible in others (see "Spatial Constraints on Sedimentation").
The following sequence of events characterized most Quaternary glaciations in British Columbia. At the end of each major nonglacial period, ice was restricted to high mountain areas, much as today. Climatic deterioration marking the inception of glaciation was accompanied by glacier expansion and by poorly understood vegetation and hydrologic changes. Valley glaciers advanced and eventually overtopped intervalley ridges to coalesce as small mountain ice sheets (Davis and Mathews 1944) . Eventually, glaciers spread across plateau areas of the interior and into lowlands along the coast. At the climaxes of great Quaternary glaciations, piedmont and valley glaciers from separate mountain ranges coalesced to bury the entire interior region and parts of the continental shelf and westernmost Interior Plains east of the Rocky Mountains (Fig. 1) . The buildup of glacier ice triggered complex isostatic depression of the land surface (complicated by forebulge effects and possible hydro-isostatic uplift of the continental shelf) (Clague 1983) . It also led to a radical restructuring of the stream network that had been established during the preceding nonglacial period.
Glaciations terminated with sharp climatic amelioration and rapid melting of glaciers. The Cordilleran Ice Sheet decayed by downwasting and complex frontal retreat (Fulton 1967; Clague 1981) . Isostatically depressed coastal lowlands were flooded by the sea as glaciers, destabilized by eustatically rising water levels, calved back into mountain valleys. In areas of low and moderate relief in the interior, deglaciation progressed by stagnation, with uplands appearing through the ice cover first and dividing the ice sheet into a series of tongues that retreated in response to local conditions. Active ice eventually became restricted to major mountain ranges. Deglaciation was accompanied by rapid isostatic uplift; areas at the periphery of the ice sheet rebounded first, whereas parts of the Interior Plateau and mountain ranges that supported glaciers until late in the glacial cycle experienced delayed rebound.
The actual pattern of ice-sheet growth and decay was probably more complex than suggested above. There were brief intervals of glacier recession during periods of ice-sheet growth, as well as local stillstands and readvances during periods of ice-sheet decay. In addition, not all glaciations progressed to the continental ice-sheet stage of development during which most of British Columbia was covered by a single confluent mass of ice. Some, possibly most, glaciations climaxed with the ice cover consisting of a series of separate glacier complexes confined to, or spreading some distance beyond, mountain ranges; at such times, significant plateau areas, some coastal lowlands, and parts of the continental shelf remained ice free. Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
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Quaternary nonglacial periods varied in length and, like glacials, were marked by fluctuations in climate. In British Columbia, major nonglacials were times of limited ice cover; glaciers were restricted to mountain ranges, and lowland and plateau areas were continuously ice free. Physiography and sedimentary environments during the last nonglacial period (middle Wisconsinan) were similar to those of the present, and the same probably is true for earlier nonglacials as well.
Quaternary stratigraphy
The terrestrial Quaternary stratigraphic record of British Columbia is a product of the episodic growth and decay of the Cordilleran Ice Sheet. Most Quaternary units are of glacial origin and comprise (1) stratified sediments deposited in proglacial and ice-contact fluvial, marine, and lacustrine environments and (2) till deposited subglacially and supraglacially. The thickest and most varied glacial sediments occur in valleys and coastal lowlands and commonly represent two or more glaciations. In any given area, the deposits of each glaciation generally are similar and comprise several units laid down in a relatively small number of sedimentary environments. However, each of these environments is complex, thus the resulting sediments are extremely heterogeneous. For example, Pleistocene glaciolacustrine sediments in British Columbia include horizontally stratified clay and silt, foreset-bedded sand and gravel, and complexly intertonguing, folded, and faulted sand, gravel, and diamicton.
Glacial sequences are separated from one another by nonglacial sediments or by an unconformity. Nonglacial sediments generally are thin and patchy, although thick fluvial, deltaic, and lacustrine deposits are present in a few areas (Fulton 1972) . More commonly, unconformities separate major glacial sequences. These define former land surfaces similar in morphology and relief to the present and are products of glacial ind fluvial erosion.
All major Quaternary stratigraphic units in British Columbia are time transgressive. This is largely a result of diachronous glacier growth and decay during Pleistocene glaciations. Sedimentation and erosion during periods of glacier growth began first in the mountains and propagated outward onto the Interior Plateau, Interior Plains, -coasd lowlands, and continental shelf. In contrast, sedimentation during deglacial phases commenced earlier in peripheral glaciated areas than in the core area of the Cordilleran Ice Sheet.
Excluding volcanics, most terrestrial Quaternary stratigraphic units in British Columbia record Wisconsinan and Holocene events. Pre-Wisconsinan terrestrial deposits have been positively identified in only a few interior valleys and beneath lowlands bordering the Strait of Georgia (Fulton and Smith 1978; Hicock and Armstrong 1983; Fulton 1984) . Thick sediments of early and middle Quaternary age may underlie parts of the continental shelf at the periphery of the former Cordilleran Ice Sheet (Lutemauer and Murray 1983), but these probably are marine, rather than terrestrial, in origin. The preWisconsinan terrestrial record is poor for two reasons: (1) Sangamonian and older deposits are covered by thick younger sediments and thus are not well exposed; and (2) most of these old deposits have been obliterated by glacial erosion during the Wisconsinan Stage.
Episodic sedimentation and erosion
The Quaternary stratigraphic record of British Columbia provides evidence for brief intervals of deposition separated by long periods of nondeposition and erosion. The spasmodic character of sedimentation and erosion in British Columbia during the Quaternary is illustrated in this section, with examples from various parts of the province.
Glaciations
Thick sediments accumulated in British Columbia valleys and coastal lowlands during periods of growth and decay of the Cordilleran Ice Sheet. Climatic deterioration and glacier expansion during the early phase of each glaciation led to an increase in sediment production, especially in alpine areas. Initially, much of this sediment accumulated as outwash in mountain valleys. However, as glaciers advanced out of the mountains, large amounts of this material, as well as colluvial and fluvial sediments deposited during the preceding nonglacial period, were flushed from these staging areas into intermontane valleys and fjords. Streams, unable to transport the large amounts of sediment made available to them, aggraded their valleys, and as a result substantial amounts of outwash accumulated in short periods of time. Loci of deposition shifted as glaciers advanced; thus, aggradation occurred at different times in different places. As glaciers continued to expand, they increasingly disrupted the drainage, ponding large, rapidly evolving lakes in which significant quantities of clay, silt, and sand accumulated.
Some of the most extensive and conspicuous Quaternary stratigraphic units in British Columbia formed during periods of growth of the Cordilleran Ice Sheet. The following are two examples of units deposited during the early part of the Fraser Glaciation (late Wisconsinan); the first is from coastal British Columbia, and the second is from the interior.
(1) Quadra Sand, an important lithostratigraphic unit in the Strait of Georgia region of southwestern British Columbia and adjacent Puget Lowland of Washington State (Fig. I) , comprises horizontally and cross-stratified, well sorted sand, minor silt, and gravel up to about 100 m thick (Clague 1976 (Clague , 1977 . These sediments were deposited as aprons in front of and at the margins of glaciers as they advanced southward from source areas in the southern Coast Mountains (Fig. 2) . Much of the Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. sand probably was recycled repeatedly by meltwater streams as the glaciers advanced. Aggradation may have been facilitated by a relative rise in sea level or by downwarping of the land surface to the north and northeast, both caused by glacioisostatic depression of the crust. The sand probably accumulated both on delta-top floodplains and ponds and in shallow, subaqueous delta-front environments. Quadra Sand is markedly diachronous, ranging in age from about 29 ka at the north end of the Strait of Georgia to about 15 ka at the south end of Puget Lowland. At each site, however, the unit accumulated over a much shorter period of time, probably on the order of hundreds to at most a few thousand years (Clague 1977; Clague and Luternauer 1982) .
(2) Thick, horizontally bedded gravel and subordinate sand underlie late Wisconsinan till in many valleys in the British Columbia interior (Figs. 3, 4) (Fulton 1975; Ryder 1976 Ryder , 1981b Mathews 1978) . These sediments, which are up to 150 m thick and occur up to 150 m above present base level, are thought to be distal outwash deposited during the early part of the Fraser Glaciation. The coarseness of the sediments and their similarity to braided-stream deposits associated with present-day glaciers argue for rapid aggradation at each site. These coarse-grained sediments in places are conformably overlain by glaciolacustrine clay, silt, and sand deposited when drainage was blocked by advancing glaciers or by rapidly accumulating drift (Figs. 4, 5) .
Aggradation on a similar scale to that accompanying icesheet growth also occurred at the close of, and shortly after, each major glaciation (Church and Ryder 1972) . During periods of deglaciation, large quantities of sediment were released from wasting ice masses and discharged onto floodplains and into glacial lakes. In addition, newly deposited, unstable drift was transported by running water and masswasting processes from slopes into valleys, where it accumulated on-floodplains and fans. Along the coast, glaciomarine sediments were laid down on isostatically depressed lowlands and in offshore areas (Fyles 1963; Armstrong 1981; Clague 1985) . As a result of these processes, thick sediment fills accumulated in most interior and mountain valleys, on lowlands bordering the Strait of Georgia, in fjords, and in some offshore basins.
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(1) At the end of the Fraser Glaciation, glacial Lake Thompson formed in South Thompson Valley between ice tongues receding west and northeast (Fulton 1965) . Meltwater streams carried enormous quantities of silt into the lake, and a fill up to 150 m thick accumulated in a period of only 100-200 years (Fig. 6) . The rapidity of sedimentation is indicated by the fact that individual annual layers at the base of the "South Thompson silt" are more than 6 m thick (Fulton 1965 ). This lake is only one of many similar lakes that formed and disappeared in southern British Columbia valleys over a period of about 1000 years at the close of the Fraser Glaciation (Fulton 1969; Clague 1981) . Significant sediment fills are associated with many of these short-lived lakes.
(2) At about the same time that sediment was accumulating in glacial Lake Thompson, gigantic ice-contact deltas were being built into the sea in the Terrace -Kitimat area of westcentral British Columbia (Fig. 7) (Clague 1984 (Clague , 1985 . These deltas were constructed during successive stillstands of the glacier occupying the valley north of Kitimat. The largest delta, which is graded to a relative sea-level position 200 m above the present shore, covers an area of 60 krn2, consists of more than lo9 m3 of sand and gravel, and, judging from radiocarbon dates, formed in no more than a few hundred years (Clague 1985) . Extensive deposits of sea-floor muds accumulated at the same time in pro-delta positions (Fig. 7) .
Patterns of sedimentation and erosion at glacial maxima, when most of the province was covered by ice, are more difficult to characterize than those of periods of glacier growth and decay. Most areas, especially mountains, fjords, and valleys parallel to the ice-flow direction, were eroded by glaciers at these times, and their sediment cover was stripped away. However, glaciers accomplished little erosion in some areas, and significant remnants of older sediments remained following deglaciation. In addition, many glacially eroded surfaces were covered by till before becoming deglaciated. Such tills are more widely distributed than the stratified valley and lowland fills described previously but generally are thinner. They consist of detritus recycled from older Quaternary sediments and eroded directly from bedrock.
Nonglacial periods
Significant sedimentation has been much more limited during nonglacial periods than during glaciations. Important nonglacial sedimentation sites on land are localized and of relatively small size. They include large lakes in river valleys, some flood~lains. and fans at the mouths of some streams. However, large amounts of sediment have accumulated in marine deltas and on the floors of fjords and basins such as the Strait of Georgia.
Early durini each nonglacial period, valley fills in most areas were deeply incised by streams (Fig. 8) . This resulted mainlv from a drastic reduction in the amount of sediment supplied to the fluvial system as slopes stabilized and became Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. vegetated. In addition, base level in coastal areas was lowered up to 200 m as a result of an isostatically induced fall in the level of the sea relative to the land. The effects of this baselevel lowering probably were propagated slowly inland and may have contributed to valley incision by streams. However, other local base-level controls such as rock ledges and constrictions probably played an equal or more important role in controlling downcutting. Whatever the causes, streams deeply incised deglacial and older fills before achieving quasi-equilibrium at much lower levels. Baning tectonic uplift, subsidence, or renewed glaciation, streams tended to flow at or near these levels for long periods of time. In the case of the present nonglacial period (Holocene), most major streams in British Columbia were flowing near their present levels within several thousand years of the close of the Fraser Glaciation; subsequent changes in floodplain levels have been minor compared with those accompanying and immediately following deglaciation.
The stratigraphic record of Quaternary nonglacial periods in British Columbia is meagre because of the limited extent of aggradation at these times and because base level fell at the close of each glacial cycle. The Olympia Nonglacial Interval (middle Wisconsinan), which is known to span at least 40 ka (Clague 1980) , is represented in stratigraphic sections in most areas by an unconformity or by relatively thin stratified sediments (Figs. 4, 9 ). In the Strait of Georgia region, for example, thin middle Wisconsinan nonglacial sediments (Cowichan Head Formation), which range from about 25 to >60 ka old, occur between much thicker drift units deposited over periods of hundreds of years to at most several thousand years ( Fig. 9 ) (Armstrong and Clague 1977) . At Dashwood on the west side of the Strait of Georgia, these nonglacial sediments are less than 10 m thick and are overlain by up to 60 m of Fraser Glaciation deposits, mainly Quadra Sand. In Coquitlarn Valley near Vancouver, the Cowichan Head Formation is only about 1 m thick and is overlain by up to 200 m of late Wisconsinan drift, at least the lower half of which, judging from the radiocarbon dates, was deposited in a few centuries.
In summary, the terrestrial Quaternary stratigraphic record of British Columbia is a product of brief sedimentation events separated by long intervals of nondeposition and erosion. Most sediments in valleys were deposited during the early and late stages of various Pleistocene glaciations (Fig. 10) . In contrast, during nonglacial periods, sedimentation was more restricted and occurred at lower rates, and in fact the early part of each nonglacial period typically was characterized by a short epiCan. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. sode of valley incision as streams adjusted to changing environmental conditions associated with the disappearance of the Cordilleran Ice Sheet. Sedimentation and erosion at the base of the ice sheet were more complex, with erosion in most places, but with deposition of glacially eroded debris in the form of till on ice-scoured surfaces over large areas of low to moderate relief such as the Interior Plateau.
Spatial constraints on sedimentation
To a considerable degree, physiography has controlled sedimentation in British Columbia during the Quaternary. The main terrestrial sediment "sinks" have been valleys and coastal lowlands (Table 1 ). In addition, some plateaus have been repositories of large quantities of till and ice-contact sediments. In contrast, mountains and other highlands have been mainly areas of erosion during the Quaternary. Sediments were deposited locally in these areas during nonglacial periods but were removed during glaciations, accompanied by significant erosion of rock surfaces by glaciers. Sediment fills in valleys and coastal lowlands were partially eroded during nonglacials, and the erosion products were transferred to floodplains, lakes, and the sea. The large plateau areas of the British Columbia interior have been dominantly passive surfaces during nonglacials, experiencing neither significant deposition nor erosion, except in the vicinity of streams and where relief is high. However, during each glaciation, large amounts of drift were removed from plateau surfaces by ice before a new mantle of drift was laid down.
The ultimate sediment sink for British Columbia Quaternary sediments is the sea. Much of the sediment produced during the Quaternary has already reached the sea, possibly after many cycles of erosion, transportation, and deposition. Over the long term (10" lo7 years), continued uplift of British Columbia resulting from lithospheric plate interactions in the northeast Pacific Ocean will ensure the destruction of much of the existing Quaternary cover. This material will be camed to the sea by streams and deposited in deltas, in fjords, on parts of the continental shelf, and on abyssal plains and basins beyond Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. the continental margin. However, sediments deposited on the sea floor inside the limit of glaciation could be removed by grounded ice if the Cordilleran Ice Sheet should ever form again. Furthermore, those occurring at depths of less than about 150 m might be eroded by waves and currents during periods of eustatic sea-level lowering.
Concluding remarks
The Quaternary stratigraphic record is a complex response of geomorphic systems to threshold events of varying magnitude. The forcing events have been mainly climatic, but local and regional physiography, geology, and other factors have also determined the character and distribution of stratigraphic units.
Fluvial systems in British Columbia became overloaded with sediment during periods of ice-sheet growth and decay, giving rise to significant stratigraphic units. Coarser sediment carried by streams was laid down close to glacier sources to produce deltas, outwash plains, and valley trains. Fine material was transported farther and deposited on the floors of lakes and the sea. Release of sediment directly from ice into lacustrine and marine environments also contributed to the formation of many stratigraphic units. Most units thus are products of unusual, short-lived events; although one hesitates to label such events catastrophes, this appellation may be warranted in a geologic sense.
A study of these stratigraphic units provides detailed information about unusual sedimentary environments for which Can. J. Earth Sci. Downloaded from www.nrcresearchpress.com by UNIV VICTORIA on 01/13/12
For personal use only. Fulton and Smith (1978) , and Clague and Lutemauer (1982) ; radiocarbon dates-Clague (1980) . modem analogues are poor and much smaller in scale. On the other hand, the stratigraphic record is much less helpful in elucidating processes that are not directly controlled by glaciation, in other words, those prevailing during periods when most of British Columbia was free of glacier ice. An understanding of the behaviour and short-term variability of such geomorphic systems and the mechanics and controls of processes operating within them probably is best gained from field observations of contemporary geomorphic processes.
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